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Abstract 
One of the emerging thermal energy storage (TES) concepts is the use of solid particles, which can potentially store thermal 
energy at temperatures approaching 1000°C. Efforts are underway to prepare on-sun testing of this concept at King Saud 
University (Riyadh, Saudi Arabia) as a part of the research activities in a SunShot project led by Sandia National Laboratories. A 
thorough study of this concept has been conducted and a prototype has been designed. This concept involves the use of proppants 
(CARBO Accucast ID50K) as the storage medium, and a thick, multilayered, cylindrical-shaped TES bin as the storage bin. Due 
to the complexity of building this first-of-its-kind TES bin, it was necessary to model the thermal performance of this design 
prior to completing the construction process. For this reason, a numerical model was built for the TES bin which is capable of 
determining the amount of energy loss. The model takes into account that, during daytime operation, the charging flow rate is 
higher than the discharging flow rate to allow the proppants to accumulate within the TES bin over about 7 hours. Once the 
charging process is completed, the discharging phase – whose duration is about 5 hours –  is also modeled, followed by modeling 
the cooling-down process of the TES bin for 12 hours to complete a 24-hour cycle. This modeling cycle is based on an assumed 
initial temperature in the interior of the bin. This paper extends the modeling effort to more than one cycle, such that the initial 
conditions at the beginning of each cycle are based on information obtained from the previous cycle, rather than on assumed 
values.  
Results show that multi-cycle modeling is important, since it shows that the assumed initial temperature may not representative 
and may lead to inaccurate results. Furthermore, lessons learned from the first cycle of operation, especially excessive air leakage 
into the TES bin during nighttime depletion, help refine modeling of subsequent cycles. Energy loss at the end of the second 
cycle was found to be 4.3%. While considered large, this value is primarily due to the high surface-to-volume ratio of the 
prototype TES bin being investigated. Preliminary analysis shows that a utility-scale TES bin using the same concept will have 
an energy loss of less than 1%, which conforms to the current best practice, and shows that low-cost TES solutions can be used in 
conjunction with the falling particle receiver concept. 
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1. Introduction 
Thermal energy storage (TES) is increasingly being deployed in concentrating solar power (CSP) systems due to 
its favorable economic impacts, including increased dispatchability, capacity factor, and reduced levelized cost of 
energy [1]. However, one of the main challenges of TES is the upper limit on operating temperature (approximately 
560°C), which is currently dictated by the stability limit of commercially available molten salts. For this reason, a 
multi-national team of researchers is now investigating the feasibility of solid particles as a heat transfer medium as 
well as a TES medium [2-5]. This concept, called the falling particle receiver, was originally introduced by Sandia 
National Laboratories [6-13], and it has the potential of pushing the operating temperature limit to 1000°C. Figure 1 
shows a sketch of this concept [14]. Solid particles are released within a cavity where they are heated by 
concentrated sunlight which comes from a heliostat field through the cavity’s aperture. Once the particles are heated, 
they are fed to a TES bin, where some of the particles are stored, while the rest move to a heat exchanger, where 
their energy is extracted by a working fluid. The cooler particles pass through another bin and are then recirculated 
to the top of the receiver. 
 
 
Fig. 1: Sketch of the falling particle receiver concept [14]. 
 
Design of the upper (hot) TES bin requires special attention for many reasons. First, the TES bin needs to be built 
from carefully selected materials and with carefully selected dimensions such that it minimizes energy loss to levels 
below acceptable limits. Second, the materials of construction need to withstand thermal cycling. Third, the 
materials of construction need to be inexpensive and readily available. Fourth, the geometry of the TES bin needs to 
be structurally stable. 
The research team had previously conducted experiments on a small-scale TES bin and a medium-scale TES bin 
[2-4]. The small-scale TES bin was made of three layers consisting of regular firebrick, autoclaved aerated concrete, 
and reinforced concrete. An LPG burner was used to simulate the presence of hot solid particles inside the bin. That 
experiment was helpful in identifying issues with the use of autoclaved aerated concrete at high temperatures, since 
it was prone to cracking. A subsequent medium-scale experiment was conducted on a rectangular-shaped TES bin. 
The walls of the bin were made of four layers: insulating firebrick, perlite concrete, expansion board, and reinforced 
concrete. The design showed good mechanical and thermal behavior, and it was deemed suitable for further 
investigation.  
The above mentioned TES conceptual design was included in the research team’s plans to build a pilot facility to 
test the falling particle receiver concept. This facility is currently being constructed at King Saud University in 
Riyadh, Saudi Arabia, and it is rated at 300 kW(thermal). Figure 2 shows a cut-away view of the upper part of the 
tower being constructed. 
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Fig. 2: Section of falling tower receiver showing receiver, TES bin and heat exchanger. 
 
The TES bin is nestled beneath the receiver cavity and above the heat exchanger. Its design is mainly based on 
the outcomes of the medium-scale experiment mentioned above, with a few enhancements. First, to ensure higher 
reliability, a cylindrical construction was adopted for better mechanical strength. Second, perlite concrete layer is to 
be made with high-temperature refractory cement instead of Portland cement. It should also be noted that it was 
necessary to have a transition from the large diameter of the top part of the bin to a smaller size at the bottom to 
connect with an already built heat exchanger of smaller dimensions. 
Energy loss from this type of TES design is transient in nature, since its operation involves cycles of charging and 
discharging of particles. Studies of transient energy loss from similar TES designs are not available in the open 
literature due to the unique nature of this application. In the mean time, a number of studies related to transient heat 
transfer in TES systems using fluids and phase-changing materials exist. However, none of the studies were similar 
in their scope to the one presented in this paper. An early work of Kubie [15] numerically predicted the influence of 
insulating walls in steady-state heat transfer processes in stagnant beds of solid particles. Li et al. [16] numerically 
investigated a discharging process through a TES tank containing spherical capsules as storage and a new phase 
change material. A geometric model similar to the one presented here was used by Xu et al. for a numerical study of 
steady and transient hopper flows [17]. Nevertheless they did not solve the energy equation for the investigated 
geometry. Cascetta et al. [18] investigated the transient charging-discharging process in packed bed (spherical 
alumina particles) TES systems. They numerically investigated oil, molten salt and air as potential heat transfer 
fluids. 
Due to the lack of literature that addresses both transient charging/discharging behavior of TES bin and the use of 
solid particles, the authors had recently conducted a preliminary numerical study on the same geometry shown in 
Figure 2 [19]. In that study, transient energy loss for one complete charging-discharging cycle was assessed. Details 
of this study can be found later in Section 3. This paper builds on the previous study, and presents results of energy 
loss after a second charging-discharging cycle in which air infiltration is minimized and the initial temperatures 
within the cavity at the start of the charging period are based on the more realistic temperatures obtained from the 
simulation of the first cycle, rather than being based on guess values. 
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2. Methodology 
The objective of this study is to determine the amount of energy loss during multiple charge-discharge cycles of 
the TES bin shown in Figure 2. Table 1 shows the parameters that need to be considered in studying this problem. 
 
             Table 1: Basic parameters for TES analysis 
Particle type CARBO Accucast ID50K 
Thermal power 300 kW 
Particle inlet temperature 700°C 
Particle inlet flow rate 0.7 kg/s 
Particle exit flow rate 0.4 kg/s 
 
CARBO Accucast ID50K proppants were chosen due to the favorable optical and thermal properties, which were 
characterized by other members of the research team [20]. Table 2 shows the most relevant thermal properties of this 
material. 
 
Table 2: CARBO Accucast ID50K properties 
Specific heat 1175 J/kg.K 
Bulk density 2000 kg/m3 
Thermal conductivity 2 W/m.K 
 
The inlet temperature of 700°C is the temperature of the particles heated by the receiver, which is situated 
directly above the TES bin. The inlet flow rate was determined during the design process of the receiver. By design, 
the receiver needs to achieve a particle temperature rise of 400°C (from 300°C to 700°C) with a thermal power input 
of about 300 kW (thermal). The exit flow rate during the charging phase was chosen to be less than the inlet flow 
rate to allow the particles to slowly accumulate in the TES bin such that the bin will be full in approximately 7 
hours, which is the nominal period of operation of the solar field at King Saud University. The capacity of the TES 
bin (3.9 m3) is large enough to allow for discharge for approximately 5 additional hours after the end of the solar 
field operation.  
Due to the transient nature of the problem, it would be best to characterize the energy loss by the difference in the 
energy content of the incoming particle flow (during the charging phase) and the energy content of the leaving 
particle flow (during both the charging and discharging phases). Mathematically, this can be expressed as follows: 
 
ܧ୪୭ୱୱ = [ ሶ݉ ୧୬ܥ( ୧ܶ୬ െ ୰ܶୣ୤)οݐ െ ሶ݉ ୭୳୲ ׬ ܥ [ ୭ܶ୳୲(ݐ)െ ୰ܶୣ୤]݀ݐ]ୡ୦ୟ୰୥୧୬୥ െ [ ሶ݉ ୭୳୲ ׬ ܥ [ ୭ܶ୳୲(ݐ) െ ୰ܶୣ୤]݀ݐ]ୢ୧ୱୡ୦ୟ୰୥୧୬୥      (1) 
 
where,  C: specific heat of the particles 
ሶ݉ ୧୬ and ሶ݉ ୭୳୲: mass flow rates at the inlet and exit ports of the TES bin, respectively 
Tin and Tout: particle temperatures at the inlet and exit ports of the TES bin, respectively 
Tref: reference temperature (300°C in this case) 
 
In this equation, the particle inlet temperature, inlet flow rate and exit flow rate are all known, while the particle 
exit temperature depends on a number of parameters, primarily the thermal properties of the particles and thermal 
conductivity of the various layers of the TES bin walls.  
Due to the complexity of the geometry involved in this study, the time-dependent values of the particle exit 
temperature need to be found numerically. The numerical simulation is done using ANSYS FLUENT. In order to 
shorten the computational time, the Volume-of-Fluid (VOF) approach was used instead of the Eulerian multiphase 
model. Details about this model and its application in this case can be found in the authors’ previous study [19].  
Since the geometry of the TES bin is cylindrical in the upper part and conical in the lower part, it is possible to 
model it as an axisymmetric geometry to shorten the computational time. Figure 3 shows the model geometry. 
Boundary condition A is ‘mass flow inlet’ with mass flow rate of 0.7 kg/s of solid particles. 
Boundaries B, C, D, E and G are adiabatic walls, whereas Boundary F is ‘wall’ with convection condition, where 
the heat transfer coefficient and ambient temperature are 10 W/m2-K and 303 K, respectively. Boundary H 
represents the exit of the TES bin with an imposed mass flow rate of 0.4 kg/s. 
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Fig. 3: Geometry of TES bin used in the simulation 
3. Results 
3.1. First day of operation 
Figure 4 shows the change of the average exit temperature with time during the first 7 hours of the first day of 
operation (the charging period) compared with the inlet temperature.  
 
 
Fig. 4: Evolution of average exit temperature with time during the 7-hour charging period of the first day 
 
It can be seen that the initial exit temperature is significantly lower than 700°C, since it is assumed that a small 
amount of particles (representing a height of 10 cm at the bottom) is left from the previous cycle, and that its 
temperature, as well as the temperature of the inner walls, decreased during the previous night to 365°C. This 
temperature represents the average between the particle inlet temperature (700°C) and ambient temperature. 
However, the average exit temperature increases quickly as hot particles from the receiver enter the TES bin.  
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Fig. 5: Temperature contours within the TES bin after 7 hours of charging during the first day (temperatures are in kelvin). 
 
Figure 5 shows the temperature contours within the TES bin after 7 hours of charging during the first day of 
operation. At this point, the bin becomes full. The figure shows that the temperature of particles and that of the air 
immediately above them are nearly identical, with the temperature within the multi-layered wall naturally 
decreasing in the radial direction. 
After charging is completed, discharging continues for approximately 5 hours at the same exit flow rate, i.e. 0.4 
kg/s. During this period, the inlet port leaks air into the TES bin, primarily to displace the decreasing particle 
inventory, and its temperature is assumed to drop from 700°C to ambient during the discharge period. This drop is 
expected since, at the end of daytime operation, the air in the receiver cavity above the TES bin is nearly as hot as 
the particles being heated, and it slowly cools down during nighttime. 
 
 
Fig. 6: Change in average exit temperature with time through the end of the discharge period of the first day 
 
Figure 6 shows the average exit temperature within the bin through the end of the discharge period. It is 
interesting to see that the exit temperature remains nearly constant for more than two hours after charging stops, and 
then starts to drop. This phenomenon can be attributed to the relatively low effective thermal conductivity of the 
bulk proppants, which causes the rate of axial heat transfer through the packed particles to be low. Still, the 
temperature at the end of the 5-hour discharge period is relatively high, approximately 675°C (948 K). This finding 
indicates that the TES bin will continue to feed the heat exchanger beneath it with particles at nearly the high design 
Full TES Bin 
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temperature. This feature contrasts favorably when compared to some sensible TES techniques where the storage 
temperature falls continuously during the discharge phase. 
 
 
Fig. 7: Temperature contours in the TES bin when at the end of the 5-hour discharge period of the first day (temperatures are in kelvin). 
 
Figure 7 shows the temperature contours within the TES bin at the end of the 5-hour discharge period during the 
first day. Now, the particle surface level has dropped back to 10 cm. The air temperature within the TES bin drops 
significantly during this process, owing in part to air leakage from the small charging port as explained earlier. This 
fact explains the strong temperature gradient across the charging port. The figure also shows an air plume forming 
above the particle surface. This plume is caused by natural convection, which is becoming more vigorous due the 
significant drop in air temperature within the TES bin which, in turn, causes the temperature difference between the 
particles and air to be large. The increased heat loss by natural convection explains the noticeable drop in particle 
temperature that can be observed in Figure 6 towards the end of the discharge period. 
Once the 5-hour discharge period ends, the remaining particles at the bottom of the TES bin and the walls 
continue to cool down for about 12 hours, i.e. until the next day of operation starts. Figure 8 shows the temperature 
profile for a complete 24-hour cycle, which includes 12 hours of cooling.  
 
 
Fig. 8: Change in average exit temperature with time through the end of the first 24-hour cycle 
 
As expected, the temperature of the particles remaining at the bottom drops significantly during the cooling 
period. The final temperature at the end of this period is 556°C. Since this temperature would represent the initial 
Particle Level 
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temperature for the second day of operation, it is interesting to note that it is significantly higher than the initial 
guess, which was 365°C.  
Based on the results above, the energy loss during the first day, as calculated by Equation 1, was found to be 
4.9%. This result will be discussed in more detail once it is compared to the corresponding result from the second 
day of operation next. 
3.2. Second day of operation 
For the second day of operation (second cycle), the 7-hour charging period is modeled in a manner similar to the 
first day, with the exception that the initial particle temperature is now 556°C (based on the results from the previous 
day) rather than the initial guess of 365°C. On the other hand, for the 5-hour discharge period, the model is now 
altered to limit air leakage into the TES bin. This change is made because of the fact that air leakage in the previous 
day due to displacement of decreasing particle inventory was found to cause vigorous natural convection currents 
which increase energy loss. The particle inlet port is now assumed to be plugged during the 5-hour discharge period 
such that significantly less air will leak into the TES bin through the seals of the plugged port. This amount is 
assumed to be one tenth of the air that was infiltrating the TES bin during the first day. 
 
 
Fig. 9: Comparison of average exit temperature for the full 24-hour cycle of the first and second days 
 
Figure 9 shows a comparison between the average exit temperature profile during the first day and second day of 
operation. It is clear that the higher initial exit temperature for the second day cycle results in a more favorable 
temperature profile during the 7-hour charging period, i.e. the average exit temperature approaches the particle inlet 
temperature faster. Furthermore, the average exit temperature profile is also more favorable during the 5-hour 
discharge period of the second day, owing in part to the reduced air leakage rate. Furthermore, temperature drop 
during the cooling period in the second day is also more favorable than that in the first day due to the reduced air 
leakage, with the final particle temperature at the end of the 24-hour cycle of the second day being 582°C, compared 
to 556°C at the end of the first day. 
To assess the role of natural convection, Figure 10 is presented to show the temperature contours within the bin at 
the end of the 5-hour discharge period of the second day. Comparing this case to that of the first day (Figure 7), it 
can be seen that the natural convection currents have been significantly reduced, owing to the reduction in air 
leakage into the bin. This observation agrees with the previous observation about the more favorable temperature 
profile for the second day. This information is valuable in that it shows that solid particle TES bins should be 
completely sealed from the surroundings, especially the receiver above it to limit energy losses. 
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Fig. 10: Temperature contours at the end of the 5-hour discharge period of the second day of operation (temperatures are in kelvin). 
 
Ideally, the results obtained from the second day simulation would be used to feed another cycle of simulation, 
i.e. a third day of operation and potentially beyond. However, this exercise was not performed because the time 
needed to complete the simulation of one full day is quite long (about six weeks). In the mean time, as the next 
section will show, the energy loss results obtained from the second cycle are already favorable and show that 
thermal performance targets can be met, thereby eliminating the practical need for simulation of additional cycles. 
3.3. Energy loss calculations 
From the above results, the total energy loss for each of the two days was calculated based on Equation 1. For the 
first day, it was found that the total energy supplied by the hot particles was 8.32 GJ, whereas the total energy 
leaving with the particles during the complete charge-discharge cycle was found to be 7.91 GJ. This means that the 
total energy loss, as calculated by Equation 1, is 0.41 GJ, which represents an energy loss of about 4.9%. This 
calculation is based on the reference temperature being the minimum particle temperature in the cycle, i.e. 300°C, as 
mentioned earlier.  
For the second day, the total energy supplied by the hot particles remains the same at 8.32 GJ, but now the total 
energy leaving with the particles is 7.96 GJ. Therefore, the total energy loss is 0.36 GJ, representing 4.3% of the 
total energy fed into the TES bin. This is a significant improvement over the first day result. 
In any case, an energy loss of 4.3% may seem to be high, but it is important to note that the surface-to-volume 
ratio of this prototype TES bin was quite high as well (2.7 m-1). To put this energy loss value in perspective, a 
comparison should be made with a utility-scale facility. The 3.9-m3 prototype TES bin is designed to feed a heat 
exchanger with a maximum of about 190 kW of thermal power, which translates to about 66 kW of electric power 
(assuming 35% gas cycle efficiency). On the other hand, a 100-MW utility-scale system with a similar storage 
period would require a storage volume of about 5900 m3. Typical dimensions would be a diameter of 12 m and a 
height of 52 m. In this case, the surface-to-volume ratio will be 0.33 m-1, which is about 8 times smaller than the 
prototype TES bin. This means that the energy loss is expected to be well below 1% for the second day operation, a 
level that conforms to energy loss from conventional TES designs. 
4. Conclusion 
This paper presented the results of a study of energy loss from a prototype cylindrical-shaped TES bin. The study 
focused on the transient behavior of the bin over two consecutive charge-discharge cycles. Due to the complex 
nature of the problem, it was necessary to simulate the problem numerically. The numerical model simulates 
charging of the TES bin in 7 hours and discharging in 5 hours. Results from the first day (cycle) of operation showed 
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that the energy loss was 4.9%. Furthermore, it was found that air leakage into the TES bin from the receiver during 
the 5-hour discharging process instigates vigorous natural convection currents. Modeling the second day of 
operation took into account a sealed inlet port to minimize air leakage. It also started with an initial particle 
temperature significantly higher than the assumed value used in the beginning of the simulation of the first day. With 
these modifications, the energy loss dropped to 4.3%, and natural convection currents were evidently less vigorous. 
In utility-scale plants, this energy loss value will be much lower (less than 1%) due to the significant reduction in the 
surface-to-volume ratio. Generally speaking, the results show that this TES concept has the ability to meet thermal 
performance requirements.  
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